Tacrolimus is a calcineurin inhibitor which works to induce immune suppression by preventing cytokine transcription and lymphocyte activation. Combining the immunomodulator interferon beta-1b (Betaseron) with the immunosuppressant tacrolimus (Prograf) may have the potential of additive therapeutic benefit through the complementary mechanisms of action of these two therapeutics. In this randomized, open-label, multicenter, two-arm pilot study, the authors examined the safety and tolerability of the combination of interferon beta-1b and tacrolimus in relapsing remitting (RRMS) and secondary progressive (SPMS) multiple sclerosis patients who have failed one or more immunomodulatory therapies. Patients (n = 25) received a combination of interferon beta-1b subcutaneously every other day and oral tacrolimus (low blood level tacrolimus, 1-5 ng/mL, or high blood level tacrolimus, 5-10 ng/mL) for a period of 38 weeks. The combination therapy of interferon beta-1b and tacrolimus over the 10-month period of the study was shown to be safe and relatively well tolerated. There were no unexpected adverse events occurring as the result of the combination therapy. Further study of this combination therapy in patients with multiple sclerosis unresponsive to conventional therapy is warranted.
Introduction
The autoimmune pathophysiological process by which the immune system carries out its attack of the central nervous system in multiple sclerosis (MS) is complex and multipronged and can vary between patients and even within the same patient, over time [1] . As in all other autoimmune diseases such as rheumatoid arthritis, lupus, and myasthenia gravis, among others, there is not a single therapy that will be effective for all patients of that same disease.
More than 15 years of experience with current immunomodulators, when used as monotherapy in multiple sclerosis, has shown that their clinical efficacy is only modest, and that new therapeutic strategies are required. The more recent therapies of natalizumab and fingolimod, though more effective than conventional immunomodulators, each carry higher risks of serious side effects. Combination therapies in MS may have the potential of offering additive benefit through to patients with MS by targeting multiple autoimmune processes. As previously described with respect to MS, combination therapy with drugs utilizing complementary mechanisms of action [2] may have the potential for improving disease control by targeting multiple inflammatory or autoimmune aspects of the disease at once. Interferon beta1b (Betaseron) was the first clinically effective therapeutic agent proven to modify the disease course in MS patients and is thought to exert its therapeutic effects by downregulating expression of MHC II molecules and inhibiting the passage of immune cells into the CNS [3] [4] [5] [6] . Tacrolimus (FK506) is a macrolide isolated from Streptomyces tsukubaensis and is currently used as an immunosuppressant to prevent allograft Figure 1: Study design. Relapse remitting and secondary progressive patients were randomized into low-blood-level (LBL) or high-bloodlevel (HBL) tacrolimus groups, in combination with Betaseron. Betaseron was administered subcutaneously every other day, while tacrolimus was given orally. Combination therapy was administered over a 38-week period.
rejection in transplant patients [7] . Tacrolimus exerts its immunosuppressive effect by binding to the FK506 binding protein-12 (FKBP-12) in lymphocytes and inhibiting calcineurin activation, resulting in reduced cytokine production (IL-2) and lymphocyte activation [8] [9] [10] [11] [12] . Tacrolimus has also been shown to have neuroprotective or neuroregenerative effects in models of nerve crush, nerve transection, and spinal cord injury [13] [14] [15] [16] . It has also been shown to prevent induction of myasthenia gravis in a rat model [17] .
In a model of chronic experimental autoimmune encephalomyelitis (EAE), tacrolimus demonstrated clinical improvement as well as reduced demyelination and axonal loss [14] . The latter changes could also be achieved using nonimmunosuppressant doses of tacrolimus, thus suggesting alternative mechanisms of action other than immunosuppression, such as neuroprotection and/or neuroregeneration. This has been attributed to binding of the FK-52 binding protein, a component of the mature steroid receptor complex [13, 14] . Previous studies have evaluated the safety and tolerability of tacrolimus in secondary progressive multiple sclerosis (SPMS) patients [18] .
Taken together, interferon beta-1b and tacrolimus are two therapeutic agents which exert their immunomodulatory effects by similar but distinct mechanisms. Such combination therapy may result in improved treatment outcomes for relapsing remitting multiple sclerosis (RRMS) and secondary progressive (SPMS) patients who have failed one or more previous immunomodulating therapies. Furthermore, previous studies suggest that combination therapies may result in improved treatment adherence rates [2] . As such, we believe that exploring their potential use in combination therapy is warranted and may represent an effective therapeutic option for patients with MS.
In this study, we examined the safety and tolerability of the combination therapy consisting of interferon beta-1b and tacrolimus in relapsing remitting multiple sclerosis (RRMS) and secondary progressive (SPMS) patients who have failed one or more previous immunomodulating therapies.
Objectives
The primary objective was to evaluate the safety and tolerability of a combination of interferon beta-1b and tacrolimus in patients with RRMS or SPMS who have failed previous treatment with approved disease-modifying agents. Treatment failure was defined as having the same or higher annual relapse rate, or sustained progression of ≥1.0 point on the expanded disability status scale (EDSS) score for 3 months, despite immunomodulatory treatment, for at least six months.
Study Design and Methods
This study was a randomized, open-label, evaluator-blinded, multicenter, two-arm, parallel group, 38-week phase IIa pilot study to evaluate the safety and tolerability of interferon beta-1b, 250 μg (8 MIU) administered subcutaneously every other day in combination with tacrolimus ( Figure 1 ). Tacrolimus was administered orally twice daily 12 hours apart on an empty stomach, at a dose to reach either low (1-5 ng/mL) or high (5-10 ng/mL) whole blood concentrations, hereafter designated as LBL group (low blood level) and HBL group (high blood level) [19] . Study ethics approval was granted by the local ethics committees of the CSSSGHull Hospital in Gatineau and the Charles LeMoyne Hospital in Montreal-and by an independent committee, IRB Services (Aurora, Ontario, Canada). All patients gave written informed consent prior to their participation in the study. Patients eligible for randomization were required to be 18 to 55 years of age and have a diagnosis of MS according to the McDonald criteria [20] and an EDSS score of less than seven. Only patients who had failed treatment with currently approved disease-modifying drugs (DMDs) for MS were recruited. DMDs for which patients had prior treatment failure include Betaseron, Avonex, Rebif, and Copaxone. This clinical study was registered with the US National Institutes of Health on http://www.clinicaltrials.gov/ (trial NCT00298662).
Randomization and Blinding.
Patients were enrolled by the treating neurologist, who was not involved in the patient group assignment. Patient allocation was done by a research nurse using a computer-generated randomization sheet provided by Berlex Canada. Once a participant was enrolled, the next sequential treatment assignment was used for the allocation.
Intervention.
Patients started therapy with interferon beta-1b at half the standard dose (125 μg) [4 MIU] every other day for 2 weeks, prior to escalating to the fixed 250 μg dose every other day. All patients received injection training [21] .
Tacrolimus therapy was initiated at week 6 (or when full-dose interferon beta-1b was tolerated) at a starting dose of 0.1 mg/kg/day administered twice daily. The dose was adjusted in order to reach the desired low or high blood concentration range (dose adjustments took from 2 to 4 weeks) and was evaluated monthly to ensure that the level remained in the assigned range. The use of corticosteroids (e.g., intravenous methylprednisolone 1000 mg/day for 3 days) was allowed for the treatment of acute relapses.
Safety and tolerability was assessed with physical examinations, laboratory evaluations, and recording of adverse events. The latter were collected at each clinic visit as shown in Table 1 . Additional parameters including relapse rate, EDSS, and visual analogue scale evaluations were done every three months. The number of T1 and T2 lesions, as well as T1 gadolinium enhancing lesions, was evaluated by blinded MRI upon study entry and exit. Multiple sclerosis functional composite (MSFC) and EDSS evaluation and scoring were done by an examiner blinded to the group assignment.
Statistical Analysis.
All statistical analyses were performed according to the intention-to-treat principle. Descriptive statistics of baseline data for both groups are summarized in Table 2 . Unless otherwise mentioned, data presented are medians and range, or interquartile range and frequencies. Comparisons between study groups were performed using a Wilcoxon Mann-Whitney test for nonparametric distributions. When statistical differences were assessed between baseline and end of study within a study group, Wilcoxon signed-rank tests were used. Twosided P values of <0.05 were considered to be statistically significant.
Results
This randomized, open-label, multicenter, two-arm dosage trial took place between February 2003 and October 2006 at three MS clinics in Canada. The flow of participants through the different stages of the trial is shown in Figure 2 . There were no significant protocol deviations.
Baseline patient characteristics of both groups are shown in Table 2 . Though the HBL group had a greater percentage of female and RRMS patients with a higher baseline RR than the LBL group, none of these differences achieved statistical significance. All patients had previously failed, as per protocol definition, one or more immunomodulating therapies.
All adverse events (AEs) were recorded for all patients. Five total patients dropped out of the pilot study. One patient was removed due to a revised diagnosis of MS. Combination therapy-related AEs resulted in three patients discontinuing combination therapy but continued on monotherapy (2 continued on interferon beta-1b, 1 continued on tacrolimus). One patient completely discontinued all therapy. Two patients were lost to followup.
Twenty patients completed the study in an intention to treat manner. There were no unexpected AEs occurring as the result of the combination. Eighteen different AEs were noted in more than 10% of patients (see Table 3 ). Of those, injection site reactions, headaches, and flu-like symptoms were the most common. There were no significant differences between groups in incidence of AEs, except for injection site reactions which were more frequent in LBL group and hypomagnesemia in the HBL group. Headaches were more frequent in the HBL group, but this did not reach statistical significance. AEs for which patients withdrew from therapy (n = 3) included hyperglycemia, headache, injection site reactions, tremor, and diarrhea.
No significant increase in baseline values of mean creatinine or glucose was seen in either group. A mild decrease was noted in mean magnesium and platelets levels in both groups. No clinically significant differences in lab values were noted between groups over the 10-month period. The mean tacrolimus level during the study was 4.68 ng/mL (sd 0.90) in the LBL group and 7.63 ng/mL (sd 1.44) in the HBL group.
Only the HBL group showed an increase (9.1 mmHg) in mean end-of-study systolic blood pressure when compared to baseline and was considered to be significant when compared to the LBL group (P = 0.013).
No therapy-related serious adverse event (SAE) occurred. There were no deaths, and no permanent morbidity was noted for any patient.
Only the LBL group showed an improvement in quality of life as measured by the median change from baseline in the visual analogue scale (VAS) (median improvement of 15 mm, [range −58, 43] in the LBL group versus −1 mm [range −18, 35] ) for the HBL group. However, this difference between groups was not found to be statistically significant (P = 0.089).
Discussion
This pilot safety study is the first to describe the safety and tolerability of the combination of interferon beta-1b and tacrolimus in MS patients.
Combination therapy can result in an additive or even synergistic effect in benefit and/or increased incidence of adverse events (AEs). The combination therapy did not generate any untoward drug interactions or unexpected side effects. There was no evidence of opportunistic infection or impaired immune surveillance. The lack of tacrolimusrelated pancreatic or renal dysfunction is reassuring and 
Adverse events
If not done in the last 30 days or if washout period from prohibited medications is required. b At week 8, tacrolimus levels will be obtained predose and 1.5 hours after the dose.
In the event that a change to a chronic medication is needed, tacrolimus blood levels will be obtained within 7-14 days if the concomitant medication is known to interfere with the metabolism of tacrolimus. c If necessary, and at any time during the study period. d Should the patient require a longer period to titrate the administration of interferon beta-1b, visit 3 can be delayed until after the patient has been on a full dose of interferon beta-1b for at least 1 month. e In the event of early discontinuation, MRI will be performed at final visit if patient completed at least 3 months of treatment on the combined therapy. likely explained by the lower blood levels of tacrolimus attained as compared to transplant trials; however, a longer duration of study is needed to confirm this. The study withdrawal rate of 20% (95% CI: 8.9%, 39.1%) was higher than the 13% obtained in the 8 MIU arm of the interferon beta-1b pivotal trial [4] . 1/5 patients withdrew from the study due to a revised diagnosis of MS, making them ineligible to continue participating in this pilot study. However, 3/5 patients did continue on either interferon beta1b (n = 2) or tacrolimus (n = 1) monotherapy, and there was no patient withdrawal as a result of perceived lack of efficacy or due to combination therapy-associated adverse events. Discounting the patient withdrawn due to a revised diagnosis of MS from would adjust the withdrawal rate to 16%, thus brining it closer in line with previous findings [4] . Overall, we believe that the patient withdrawal rate appears magnified due to the small patient sample size enrolled in this pilot study.
Some side effects were more frequently found in the HBL group (headache, hypomagnesemia, and increase in systolic blood pressure), but interestingly, injection site reactions were significantly lower in the HBL group possibly as a result of the higher dose of tacrolimus. Otherwise, no other difference was found in the incidence or type of AE between groups. The lack of difference between groups, however, may be explained by the small size of the cohort in this study.
Several patients continued on the combination therapy initially through a controlled one-year extension (unpublished data) and then in an uncontrolled fashion for several additional years (some up to 8 years). Within that small group's uncontrolled long-term experience, no additional side effects other than what has been previously described in this study occurred, and specifically no significant increase in blood pressure or occurrence of opportunistic infections or cancer was observed (unpublished observations).
Lastly, it was observed that both tacrolimus treatment groups experienced a nonsignificant decrease in EDSS over the course of the study, and MRI scan results indicated a median number of T2 and T1 lesions per scan remaining unchanged over the duration of the study (data not shown). While this pilot study was not designed to evaluate efficacy, we believe these findings lend support to the safety profile of this particular combination therapy. Future studies with larger patient cohorts will be designed to expand on these observations and to answer questions regarding the clinical efficacy of combination therapy.
Overall, results of this pilot safety study suggest that further studies with larger numbers and longer duration may be warranted. An add-on approach rather than a complete switch may prove to be more beneficial for some patients. The combination of interferon beta-1b and tacrolimus may potentially be considered as a therapeutic option for patients with aggressive disease unresponsive to conventional DMD agents, provided, as for all combination therapies in general, close monitoring and predefined efficacy goals and safety stopping rules are in place.
